We study intergalactic medium (IGM) heating in a sample of five fossil galaxy groups by using their radio properties at 610 MHz and 1.4 GHz. The power by radio jets introducing mechanical heating for the sampled objects is not sufficient enough to suppress the cooling flow. Therefore, we discussed shock-, vortex heating, and conduction as alternative heating processes. Further, the 1.4 GHz and 610 MHz radio luminosities of fossil groups are compared to a sample of normal galaxy groups of the same radio brightest (BGGs), stellar mass, and total group stellar mass, quantified using the K-band luminosity. It appears that the fossil BGGs are under luminous at 1.4 GHz and 610 MHz for a given BGG stellar mass and luminosity, in comparison to a general population of the groups. In addition, we explore how the bolometric radio luminosity of fossil sample depends on clusters and groups characteristics. Using the HIghest X-ray FLUx Galaxy Cluster Sample (HIFLUGCS) as a control sample we found that the large-scale behaviours of fossil galaxy groups are consistent with their relaxed and virialised nature.
INTRODUCTION
Galaxy groups and clusters are known as the most massive gravitationally bound systems in the Universe. Their gravitational potential is sufficient enough to bound large amounts of intergalactic gas within its central region. This intergalactic medium (IGM) shows core temperatures of the order of million of Kelvin, which has been revealed by X-ray observations, as one of the key properties of these structures. To understand the observed state of the gas, various heating-and cooling-processes have been proposed to work and are related to the thermal history in the formation of the group or cluster. To study the interplay of these processes fossil galaxy groups seem to be promising candidates.
Fossil groups are dominated by a giant elliptical galaxy at the centroid of their X-ray emission and have been discovered in the mid 1990 using selection criteria in the optical and X-ray bands (Ponman et al. 1994) . The morphology of the luminous X-ray emission in fossils is regular and symmetric, indicating the absence of a recent group-scale merger. ; Khosroshahi, Ponman & Jones (2007) reported a higher dark matter concentration in fossil halos compared to non-fossil groups and clusters with similar masses. In addition, theoretical studies using the Millennium simulations showed that most of the halo mass in fossil galaxy groups is assembled earlier compared to the general population of galaxy groups (Dariush et al. 2007 . All this together and the absent of L galaxies suggest that they arguably are old galaxy groups. Up to now more than one hundred galaxy groups have been classified as "fossil groups" by different studies (Ponman et al. 1994; Jones et al. 2003; Yoshioka et al. 2004; Khosroshahi, Jones & Ponman 2004; Vikhlinin et al. 1999; Voevodkin et al. 2010; Santos, Mendes de Oliveira & Sodr 2007; Schirmer et al. 2010; La Barbera et al. 2009; Lopes de Oliveira et al. 2010; Proctor et al. 2011; Pierini et al. 2011; Miller et al. 2012; Eigenthaler & Zeilinger 2009 ). However, the selection criteria are not strictly met in all studies and vary from the convention introduced by Jones et al. (2003) . According to the Jones et al. (2003) definition, observationally a galaxy group is fossil if it has an X-ray luminosity of L X,bol ≥ 10 42 h50 −2 erg s −1 and its dominant galaxy is at least two magnitudes brighter, in R-band, than the second ranked galaxy within half the projected virial radius of the group (∆m12 > 2). Note that an alternative criteria with ∆m14 > 2.5 within the same radius, reveals fifty percent more early-formed systems ).
Generally, the IGM in group and cluster of galaxies reaches very hot core temperatures and therefore emits X-rays in form of bremsstrahlung and atomic line emission. The cooling process itself works via the energy loss through both continuum-and spectral-emission and cools down the inter-galactic gas such that the gas is falling deeper into the potential well. In this process the gas density increases at the core and further boosts the X-ray emission, as the X-ray emissivity is proportional to the square of the gas density (Sarazin 1988 ). This cooling flow will produce a strong surface brightness peak toward the centre of clusters and a drop in temperature in the core (Peterson & Fabian 2006) . This classical picture does not consider any heating mechanism, which must be in place, because X-ray observations of galaxy clusters by Chandra and XMM-Newton show no sign of gas temperatures below ∼ keV. Among all the heating sources suggested in the literature, AGNs are the most promising candidates to be powerful enough to heat up the ICM above the observed gas temperatures (Gitti et al. 2012) . In particular several mechanism are proposed: (I) The AGN can heat up the IGM by depositing relativistic electrons through jets and with the mechanical work of expanding bubbles. The dissipation heat of shock waves and sound waves induced by AGNs are also considered (see . (II) Cosmic rays could heat via AGN activity in addition to mechanical heating has been proposed . (III) Conduction of heat from hot outer layers of cluster into the centre is also suggested (Ruszkowski & Begelman 2002; Ruszkowski & Oh 2011; Bregman & David 1988) . (IV) Galaxy merger (Gomez et al. 2002; Sarazin 2002; Kempner, Sarazin & Markevitch 2006; Motl et al. 2004 ) and intra-cluster supernovae (Domainko et al. 2004) would provide sufficient energy to be injected to the ICM.
Apart from the heating scenario the efficiency of mechanical heating to quench the cooling rate is also investigated in the literature. Birzan et al. (2004) ; showed that the bubble enthalpy is sufficient to balance the cooling at least for half of the galaxy clusters in their samples. The efficiency to quench the cooling rate does dramatically increase in elliptical galaxies as Nulsen et al. (2007) showed for a sample of nearby giant elliptical galaxies. The energy released by AGN jets in the form of bubbles are estimated by several authors (Nusser, Silk & Babul 2006; Begelman 2001) . Finding these cavities in the X-ray surface brightness distribution of galaxy clusters by Chandra and XMM-Newton would support the picture of bubble heating in the ICM. In many of these cavities the radio emissions at Gigahertz or above might fall below the detection threshold and thus low radio frequency observations may enables us to trace these cavities (Jetha et al. 2008) .
The IGM heating due to AGN is generally blamed for the observed discrepancies in the scaling relations in the galaxy groups regime (McCarthy et al. 2010) , such as the deviations from the self-similar scaling observed for galaxy clusters (Helsdon & Ponman 2000; Osmond & Ponman 2004 ). However, due to the complex nature of the galaxy groups, which are subject to both group scale mergers and galaxy-galaxy mergers, the share of the AGN in the IGM heating can not be estimated accurately. Having a sample of galaxy groups in which there are no signs of recent galaxy mergers within the group and the groups scale mergers is very attractive as it eliminates some of the above complexities. As mentioned earlier, fossil galaxy groups offer both these advantages at the same time. The morphological studies of the central galaxy in fossil groups, the isophotal shapes in particular, shows that they are not boxy type ; Smith et al. (2010) , which points at the lack of dry merger in their recent evolutionary history. Furthermore, the formation history of the groups also point to an early formation epoch. There are, however, counter evidences for this, presented by La Barbera et al (2012) .
In this study we aim to investigate the heating mechanism in place of the intercluster medium in fossil galaxy groups. For this, we observed a sample of well-known fossil group in the radio regime with the Giant Metrewave Radio Telescope (GMRT) at 610 MHz and 1.4 GHz. In addition, the optical and X-ray properties are used to investigate the characteristics of this sample of fossil groups in comparision with a sample of normal galaxy groups and clusters in radio band. This is the first study to focus on the IGM heating in a sample of fossil galaxy groups.
In section 2, the sample and the radio observations are discussed including the data reduction. The radio properties are shown in section 3 combined with a brief description on the X-ray and optical characteristics. In section 4 the heating mechanism and their energy requirements are discussed. In section 5 we consider feeding mechanisms of the central AGN and section 6 investigates the difference between fossil and non-fossil groups. For this simple statistical study, radio luminosity and other properties of galaxy groups and clusters are used. The summery and conclusion is presented in section 7. Throughout this paper we assumed a ΛCDM cosmology with the following parameters: Ωm = 0.27, ΩΛ = 0.73 and H0 = 100h km s −1 Mpc −1 where h = 0.71.
SAMPLE, RADIO OBSERVATIONS AND DATA REDUCTION
In order to investigate the source of heating in fossil group, our sample of 5 fossil systems has been selected on the basis of the flux-limited sample of fossil groups reported in Khosroshahi, Ponman & Jones (2007) ; Jones et al. (2003) . Due to the sensitivity limitation of our radio observations the most distant fossil groups have been excluded and therefore reduced the sample from 7 to 5 systems. The sample varies in halo mass, with the NGC6482 (3.5×10 12 M ) (Khosroshahi, Jones & Ponman 2004 ) being the least massive and the RX J1416.4+2315 (179×10 12 M ) being the most massive , and offers a reasonable dynamical range to investigate the heating mechanism caused by the AGN.
Based on optical and X-ray properties, fossil groups are considered to reside between normal groups and clusters of galaxies (Khosroshahi, Ponman & Jones 2007; Hess, Wilcots & Hartwick 2012) . In order to explore the group-scaling behaviour of such fossil and non-fossil systems in relation to the AGN activities, various reference samples have been used. In particular, for a statistical comparison in section 6 we used a non-fossil group sample observed at 610 MHz by Giacintucci et al. (2011) and the HI-FLUGCS galaxy cluster sample observed at X-ray (Reiprich & böhringer 2002) . In order to investigate the workings of the mechanical heating discussed in section 4.1 we used a galaxy cluster sample as a reference, with mechanical luminosity reported in Birzan et al. (2004) .
The fossil group sample is listed in Table 1 . The K-band absolute magnitudes have been obtained from 2MASS
1 . Radio observations of all sources were performed by the GMRT. The observations for the first three sources listed in Table 2 , were carried out during 10-21 July 2009. We included archive data for NGC 6482 (Miraghaei et al. 2014) . Observing frequencies were chosen to be at 1.4 GHz and 610 MHz with 16 MHz band width in both lower-side band and upper-side band. Except for NGC 6482 the 1.4 GHz information was taken from the VLA archive. The entire data bandwidth was divided into 128 channels with the spectral resolution of 125 kHz. Total integration time for each source was ∼10 hours in a single or in two separate slots. Each observation started with a flux calibrator run (20-30 minutes), 5 minutes for the selected phase calibrator, and followed by 30 minutes on the target source. After that the observation run periodically switched between the phase calibrator and the target source, until it ended with a flux calibrator observation. For observations lasting longer than 9 hours, we observed a flux calibrator at the middle of observing run. The minimum and the maximum baselines are ∼ 0.4-100 kλ for the 1.4 GHz observations and ∼ 0.2-50 kλ for the 610 MHz observations and the resulting angular resolutions are quoted in Table 4 . Data sets are record in Stokes RR and LL and therefore Stokes I maps have been produced for the sources. The physical extend of the fossil group sample is estimated by its virial radius and varies from 7 to 43 arcmin (Table 3) at their given redshifts. The full width at half maximum of the primary beam of the GMRT is 26 arcmin and 44 arcmin at 1.4 GHz and 610 MHz, respectively. Therefore, the field of view is sufficiently to observe the entire extend of the groups except for the group ESO 3060170 at 1.4 GHz. Thus we can identify group members and other radio structures of the IGM (Feretti et al. 2012) as well as their BGGs emissions.
Data reduction was carried out in AIPS (Astronomical Image Processing System). We followed the standard procedure for the calibration, by calibrating the flux and phase calibrators and applying the solutions to the target sources. For bandpass calibration we used the flux calibrator, after applying the bandpass the spectrum of 128 channels has been averaged into 10 channels. The used fluxand phase-calibrators are listed in Table 2 . The separation of the target sources and their corresponding phase calibrators varies from 3 to 26 degrees.
For imaging, we initially produced a low quality image with one facet to check the quality of the calibration. Most of the primary images suffered from imperfect flagging and/or poor calibration. We used the task FLGIT to remove radio frequency interference (RFI), however, the effect of poorly phase calibrated baselines was found to be significant. The only solution to distinguish and remove bad baselines, and eventually decrease the rms of the images, was to image each baseline individually to identify and flag the RFI. A routine developed by N. Kantharia and R. Nityananda (private communication) was used to find bad baselines specially those with high flux density values. We also used an earlier version of the pipeline developed by H.-R. Klöckner (e.g. Mauch et al. (2013) ), which could find and remove most of the bad baselines and improve the quality of the images.
For imaging, we used the task IMAGR with multi faceting option in both frequencies to cover the primary beam and correct for the W-term effect of bright sources with a large separation angle with respect to the field centre. During the cleaning, we carefully identified the suspected sources to prevent errors possibly created within the self-calibration process. The dataset has been selfcalibrated in phase to further improve the quality of the image. The entire field of view toward the target source as been finally imaged by combining the facets using the task FLATN in AIPS. Although the noise level was very high around some strong point sources, the self-calibration improved the quality of the images, substantially. When observations were split into two runs, a self-calibration sequence was applied after combining the UV data by using the task DBCON in AIPS. In the case of detecting a radio extension around the central source, different UV weighting was used in order to reach the best noise performance (AIPS input of robust 0). We reduced both the LSB and the USB data but finally chose the best produced map among them.
In particular for NGC 6482, the flux density calibrators at 610 MHz, were 3C286 and 3C468.1 at the start and the end of observations, respectively. In the absence of prior flux density measurements for the 3C468.1 at 610 MHz, we used the 750 MHz flux density reported in NED 2 , f = 9.7 mJy, and the spectral index of α = -0.728 (f ∝ν α ) reported in Kellermann, Pauliny-Toth & Williams (1969) to estimate the flux density. Using this method the estimated flux density for 3C468.1 at 610 MHz is 9.06 mJy, which has been used within the calibration process.
RESULTS OF GMRT OBSERVATIONS
Radio images are shown in Figs. 1-10 with the angular resolution of 2-10 arcseconds. The noise level achieved in the 1.4 GHz maps, ranges from 50 µJy to 120 µJy and in 610 MHz maps ranges from 120 µJy to 160 µJy. The dynamic range in cleaned images varies from 300 to 1000 in both frequencies. Table 4 lists the flux density measurements of the sources. The flux density and extend of the sources were calculated by fitting a Gaussian function to the image using the AIPS task JMFIT. Note that all target sources have been observed at the phase centre and therefore the resulting flux density estimates are not affected by a potential error of the primary beam model of the GMRT. The noise level around the source is also reported. Generally, the noise level over the entire map is lower than noise level around the sources. We applied a 3σ detection limit for a reliable source detection. The spectral indices are obtained according to the relation S∝ν α , within the two observed frequencies. The synthesized beam is determined by the robust weighting scheme of 0 and is illustrated in all the radio images. We also listed the flux densities measures of our sample at 1.4 GHz from the NVSS 3 or the FIRST 4 catalogues in order to compare these measures with our results. We also reported radio flux densities of objects from PMN 5 and SUMSS 6 catalogues in the case of existences (Table  5 ). The calculated radio luminosities, resolutions and objects sizes in both frequencies are also presented in Table 4 . In this study, we assumed 10 per cent amplitude calibration errors for GMRT data.
For all objects a radio emission has been detected which coincides with the corresponding BGG in the optical band and the peak brightness spot of the X-ray emission, except for the source J1552.2+2013. In two cases, ESO 3060170 and J1416, the radio observations show lobes extended up to 4 and 28 kpc from the central source away. In particular, the radio lobes are detected clearly in the 610 MHz observations, for both systems. But, at 1.4 GHz only ESO 3060170 shows a radio lobe (see Figs. 3, 4 and 8, 9) . Furthermore, all radio sources have negative spectral index around -1 (S∝ν α ), except for J1331.5+1108. We discuss this in details in the section 3.1.
RX J1331.5+1108
The group J1331 hosts the most the luminous radio galaxy in our sample with radio luminosity of L1.4GHz= 20.23×10
22 W Hz −1 , while it's relatively weak in the optical R-band. show the radio contour map overlaid on the optical images. The 1.4 GHz radio flux densities is adjusted to the NVSS flux densities considering the errors in both observations. With a faint source detected at 610 MHz for this source, we obtain a positive spectral index of α = +0.93. Positive spectral index is usually observed in GHz Peak spectrum sources (GPS) (Stawarz et al. 2008) or compact steep spectrum sources (CSS) and there are two possible explanations of the observed spectral index, the synchrotron self-absorption and the free-free absorption.
At low frequency, the continuum spectrum of the radio sources turn from steep or flat spectrum to a spectrum with positive index. This behaviour can be explained with the absorption of synchrotron radio emission by synchrotron electrons. In low frequency where the brightness temperature,
Sν Ω , of radio source is high enough to be equal to its thermal temperature, the emissions is absorbed by free electrons. This occurs in the centimetre and the millimetre wavelengths of nuclei of active galaxies and the quasars. Theoretically the index can reach to +5/2 in frequencies lower than turnover frequency but this is not exactly achieved in observations because of other processes of absorptions and emissions.
In the case of synchrotron self absorption, the continuum spectrum changes from simple form of f ∝ν α into
which Sm and νm are flux density and frequency of maximum point of the spectrum (Megn 2008; Scott & Readhead 1977) and τ0 is determined from the following relation
In the case that synchrotron self absorption is the origin of observed spectral index, we assumed this source followed typical spectrum that other fossils in our sample had, with the spectral in- dex approximately equal to −1 and fitted equation (1) to the observed flux densities and found the turnover point parameters, Sm = 15.0 mJy and νm = 1.1 GHz, for the J1331 spectrum. The results remain unchanged if we assume α = −1.2. Thus we are observing near the peak frequency of the spectrum. Although the peak frequency is close to 1.4 GHz, which is our observed frequency, the source size at 1.4 GHz is not necessarily a true maximum angular size for the emitting region, because of the resolution limitations. We deduced an estimation for the angular size of this region from the following relation (Scott & Readhead 1977; Kellermann & Pauliny-Toth 1981) 
Assuming a typical magnetic field, B∼10 −4 G, the corresponding angular size of the emitting region will be 0.1 mas or 0.2 pc in physical scale. Thus all the emission is originated from the core of the AGN. We find a brightness temperature of an order of 10 12 K that is consistent with the kinetic temperature of relativistic electrons. While the J1331 is surprisingly luminous at 1.4 GHz, within our sample of fossil galaxy groups, no radio lobe is detected around the central source, a possible explanation would be, that the AGN activity is very recent. Thus, hot electrons of exploding lobes, self absorb the radio emission at low frequencies, which still produce strong emission at 1.4 GHz.
The second alternative to explain the inverse spectrum is freefree absorption. This is due to the absorption of low frequency radio emissions by free electrons of ionised regions in the galaxy medium. In this scenario, the ratio of the observed flux densities at two different frequencies are given by (Levinson, Laor & Vermeulen 1995) 
The optical depth τ f f is descripted by the following equation (Tingay & Murphy 2001) .
lpc is the path length in free-free region in parsec, T is the temperature in units of 10 4 K, Z is equal to one for pure hydrogen plasma, ne4, ni4 are the electrons and ions number densities in units of 10 4 cm −3 that we assume to be equal, ν in GHz, and g f f (ν9, T4)∼5.99T 0.15 4 ν 0.1 9 (Brown 1987 ). Using equations 4 and 5, we derived a constrain in density and size of the absorbing region:
There are several possible sources for free-free absorption in this galaxy group. Absorption of radio emissions by free electrons is significant when we observe the central AGN through the disk (Jones et al. 2000) . Thus one explanation is centred around the line of sight argument toward this galaxy group. Furthermore, cooling flow toward the core of galaxy group provides a reservoir of free electrons that could absorb the radio emissions. Following equation (6), we can estimate the length scale (lpc). Based on the temperature and electron density of the X-ray gas (∼ 0.001 cm −3 ), the absorbing length scale would be much bigger than galaxy group dimensions and therefore it is unlikely that these electrons can be seen as a viable source for free-free absorption.
In addition to this positive spectral index, the central galaxy at the X-ray peak, has narrow Hα and S[II] emission lines (Khosroshahi, Ponman & Jones 2007) . These emission lines have not been detected for other galaxies in our sample. Thus another possibility is the existence of star forming regions (HII regions) which are responsible for the observed spectral lines and free-free absorption of radio emissions due to their free electrons. Assuming a typical temperature (∼10 4 K ) and density (∼10 3 cm −3 ) for the HII region, equation (6) gives an estimate (∼ 2 pc ) for the size of the absorbing region.
RX J1552.2+2013
This galaxy group is the second distant object in our sample and the most luminous object in K-band (M k = −25.7). In addition, Khosroshahi, Ponman & Jones (2007) and confirmed 36 group members. At 610 MHz and 1.4 GHz frequencies this group does not show any radio emission at noise level of 80 µJy beam −1 . Upper limit for the radio luminosity of L radio < 9.0×10 21 W Hz −1 for this group is estimated by assuming a 3σ cut of the GMRT observations. Such luminosities could indicate a quit AGN at the centre of this group.
RX J1416.4+2315
This object is the most massive and the richest system in our sample and dubbed as a fossil galaxy cluster instead of a group . The radio analysis is reported extensively in Miraghaei et al. (2014) and thus only the results are discussed in this paper. Its recent AGN activity is confirmed from radio observation at 610 MHz by detecting a radio lobe of about ∼30 kpc away from the central source (Jetha et al. 2009 ). Figs. 3 and 4 show the radio contour map overlaid on the optical images. The size of the 3 , 5 , 7 , 9 , 11 , 13 , 17 , 21 , 25 , 29 , 33 are shown. radio lobe is the same as the synthesised beam as shown in Fig.  4 . This lobe could heat the IGM by mechanical heating and this possibility will be discussed in section 4.
NGC 6482
This galaxy group is the nearest fossil galaxy group found to date, with bolometric X-ray luminosity of 1.3×10 43 erg s −1 and R-band magnitude of −21.36, it is considered as the poor fossil galaxy group of our sample. The X-ray analysis of this system has been reported by Khosroshahi, Jones & Ponman (2004) . The temperature profile of this group shows no sign of a decrease at the centre albeit the cooling time dropping below the Hubble time within a 36 kpc radius . At 610 MHz (Fig. 6) , a faint radio source as luminous as 5.38 mJy and an angular scale size of ∼10 arcsec (∼2 kpc) has been detected. The radio emission originated from the central region (as determined by the optical image ) of the galaxy with cor- responding luminosity of L radio = 0.19×10 22 W Hz −1 . The 1.4 GHz map, adopted from the VLA archive shows flux densities at 3σ level at the position of NGC 6482 (Fig. 5) . Based on this coincidence we assumed, that this radio emission seems to be a real detection and estimate a spectral index of α 1420 610 =−1.05.
ESO 3060170
The ESO 3060170, as a massive fossil galaxy group, has been extensively described in Sun et al. (2004) . One of their findings are, that a heating mechanism is needed in this group to balance the Xray energy loss in the small cool core (∼ 10 kpc) at the centre of this group, compared to its overall ∼ 50 kpc cooling radius. The radio maps at 1.4 GHz and 610 MHz are presented in Figs. 8 and 9 , respectively. In 610 MHz map, there is a core radio emission with a flux density of 15.06 mJy, a small radio extension with an integrated flux density of 2.6 mJy toward the East. The peak flux density of radio lobe is 2.23 mJy beam −1 , at a 7σ (σ = 0.3 mJy beam −1 ) level of the map around the lobe, thus it is a radio bubble for the central galaxy. The source is the same size as the synthesized beam. In 1.4 GHz map, the same extension is detected with a peak flux density of 0.66 mJy beam −1 for the radio lobe, more than 3σ of the map with an integrated flux density of 1.34 mJy. Both the radio lobe and the central source have a similar spectral index (∼−0.9). There is also small extension to the West of the central region, more visible in 1.4 GHz map with the peak flux density of 2σ, so with a 95 percent probability is regarded as a second lobe originated from the AGN but the size of this extension is smaller than the synthesized beam, thus we are unsure if this is a real detection. The Eastern radio lobe is separated about 6 arcsec (∼ 4 kpc) from the centre so it is entirely inside the cool core of ESO 3060170. In section 4.1, we estimate the energy budget of the radio lobe for heating up the IGM.
There is a finger shape extension in the X-ray map of ESO 3060170, pointing to the north west with the scale of 30 kpc (see Sun et al. (2004) ) which is possibly related to the AGN outbursts, however, there is no sign of an AGN activity in this direction in the radio maps. The radio map obtained from the SUMSS archive at 843 MHz (Fig. 7 ) shows a bubble like source (box 2) in the same direction of the X-ray extension which is identified as a radio bubble related to the central galaxy in Sun et al. (2004) . As shown in Fig. 7 , there is a galaxy (2MASX J05400579-4048354) at the north of the central galaxy where the claimed bubble is present (box 2). Fig. 10 shows the zoomed in radio map of the box 2 region at 610 MHz. It is clear that the origin of this radio emission is the galaxy itself. As the map shows, this galaxy (2MASX J05400579-4048354) may have had several cycles of outbursts.
In Table 5 , we listed the radio flux densities of ESO 3060170 from our observations and publicly available surveys. The PMN resolution is 5 arcminutes, so the radio flux density is the integrated flux densities of ESO 3060170 and other nearby sources within 5 arcminutes. We exclude this measurement. The SUMSS and the GMRT data show that ESO 3060170 have almost flat radio spectrum below 843MHz (SUMSS rms noise ∼ 1 mJy beam −1 ). The spectral index between 834 MHz and 1.4 GHz is α = −1.7.
IGM HEATING
In this section, we examine mechanical heating, conduction, shock and vortex heating to investigate if these heating processes will provide sufficient energy to balance the cooling rate in our sample. 
Mechanical Heating
There are a number of galaxy clusters in which X-ray cavities, known as bubbles, are formed around the brightest cluster galaxy which hosts a massive black hole (Tremblay et al. 2012; Randall et al. 2011; Gitti et al. 2010; Birzan et al. 2004; McNamara et al. 2005) . The bubbles are filled with the injected relativistic electrons originated from the AGN. They expand until they reach pressure equilibrium with the surrounding environment and start their journey throughout the IGM up to hundreds of kpc away from the centre. This picture is supported by a number of studies focused on the . 2MASX J05400579-4048354, the galaxy at the north of ESO 3060170 that its radio emission is mistaken as ESO 3060170 radio lobe in low resolution map (see Fig. 7 ).
efficiency of this type of AGN feedback by using simulations (Sijacki & Springel 2006; Okamoto, Nemmen & Bower 2008) . Thus PdV work of AGN outflows on the IGM is considered as a possible source of heating and a thorough estimation of the PdV work taking place in our sample is needed.
In general, the total energy of a bubble is approximated by bubble enthalpy which is the internal energy and the PV work (Churazov et al. 2002) .
In this study, we adopted enthalpy changes of radio bubble as an estimate for the energy release when a bubble moves from the core of galaxy group or cluster to its present location. In the galaxy groups ESO 3060170 and J1416, the existence of radio lobes near the central galaxies are discussed in section 3. The energetic discussions for J1416 is reported in a separate study (Miraghaei et al. 2014) . However using a similar method, we evaluated the mechanical work done by the radio lobe of ESO 3060170 and compared this energy with the energy loss from X-ray emission. We define two cooling radius within which the X-ray loss are determined. First the radius that cooling time falls below the Hubble time, Rc, and second the radius at which the temperature drops indicating the presence of a cool core, Rcc (Rcc < Rc). For ESO 3060170, there is a clear temperature drop below 10 kpc while for J1416 there is just a slight decrease in the temperature profile below 50 kpc. The bolometric X-ray luminosity within both radii are determined and reported in Table 7 . To calculate heating rate of radio bubbles, we adapted three different time scales introduced by Birzan et al. (2004) , all listed in Table 6 . We calculate the mechanical heating assuming the over pressure factors (
) of 2 and 10 for the expanding bubble (Jetha et al. 2008) . In this way, the enthalpy change is (Miraghaei et al. 2014) :
γ is the adiabatic index , P and V are IGM pressure and the bubble volume, respectively. For ESO 3060170, mechanical power changes from 0.5 to 5.3×10 42 erg s −1 applying different time scales and over pressure factors. Although this is quite sufficient to stop cooling within the Rcc with X-ray loss of ∼10 41 erg s −1 , it is not comparable to the X-ray loss within Rc, with Lx∼10 43 erg s −1 . As it is shown in Table 7 , this is also seen in J1416. Thus a more energetic ( e.g. for ESO 3060170, > 10 57 erg ) or rapid (∼10 5 yr) cycle of AGN activity is needed. The latter is not typical for AGNs while the former is probable. Birzan et al. (2004) show, for a sample of galaxy clusters, that mechanical heating is efficient if they assumed 1 PV to 16 PV energy per cavity. In our sample 6 PV and 34 PV energy per cavity are required to stop the cooling process in J1416 and ESO 3060170, respectively. This is significantly higher than the total enthalpy of a cavity or a radio lobe (H = 4P V ). So mechanical heating does not seem to be a major contributor to the IGM heating for these objects, however AGN can still be an important sources of heating via other mechanisms (see e.g. the following sections). Fig. 11 shows the L M ech -Lx plot for the Birzan et al. (2004) sample and our fossil objects. Since we detected bubbles at radio band in our sample, we adopted just filled cavities of Birzan et al. (2004) sample to make the analogy reliable. The horizontal axis is X-ray luminosities within cooling radius. Our fossil groups are located in poor clusters criteria and fall below 4PV line. Although the sample size is very small, there is no indication that the mechanical power differs between fossil and non-fossil systems. We further investigate AGN power in fossil and non-fossil systems via their radio luminosities and other clusters and groups characteristics (section 6). One of the noticeable results in this study is that the two most X-ray luminous and massive objects in our sample just possess AGN radio bubbles. This is consistent with apparent correlation between L M ech and Lx shown in Fig. 11 . However the plot suffers from weak selection biases (Birzan et al. 2004 ). In section 6, we also try to investigate this issue using various samples of galaxy groups and clusters.
In estimating the mechanical heating of radio bubble, we assumed it is in pressure balance with the surrounding gas, with such assumption one can deduce magnetic field of the radio lobe (Birzan . Thermal pressure out of the bubble should be equal to particle pressure plus magnetic field pressure inside the lobe. Using this method we deduced magnetic field of 63 µG for ESO 3060170 comparing to equipartition magnetic field (0.8 µG).
Shock and Vortex Heating
In addition to mechanical heating, AGNs heat the inter galactic gas via weak shocks induced by expanding bubbles or large scale shocks Nulsen et al. 2005; Forman et al. 2007) , sound waves (Fabian et al. 2003) and interacting of shocks and bubbles (Friedman, Heinz & Churazov 2012 ). Shock energy per volume is approximated by pressure jump across the shock front. Therefore we have
Pressure ratio at shocked (P2) and unshocked (P1) regions are given by
Here γ is adiabatic index and M is Mach number estimated from temperature increase using
T2 and T1 are the temperatures at shocked and unshocked regions respectively. The finger shape region in X-ray map of ESO 3060170 that we discussed in section 3.5 contains hotter gas compared to its surroundings (Sun et al. 2004) . We assumed this X-ray enhancement is the consequence of AGN shocks and estimated Mach number of ∼1.2 for that. Concerning its volume, this corresponds to shock heating of ∼1×10 42 erg s −1 . Interaction of radio bubbles of previous AGN cycles with Figure 12 . IGM Heating in fossil groups J1416 (black) and ESO 3060170 (red) via Shock, vortex and bubble heating. Solid and dotted lines correspond to X-ray loss within Rc and Rcc respectively for each fossil system. The filled and unfilled regions in bubble heating correspond to overpressure factors of 2 and 10 respectively.
AGN shocks and dissipation of their rotational energy in vortices (vortex heating) is another heating source provided by AGNs (Friedman, Heinz & Churazov 2012) . To examine this idea, we evaluated the energy for our detected radio bubbles assuming they are confronted AGN weak shocks. The energy in the vortex field is given by
ρ is the ICM density, V is the bubble volume and ∆ν is the velocity jump calculated by shock mach number. We evaluated the released energy in time scale that the bubble reaches to its current position for both objects. The heating powers estimated for ESO 3060170 and J1416 are 6.4×10 40 erg s −1 and 4.2×10 41 erg s −1 respectively. Fig. 12 illustrates a comparison between three different heating mechanisms supplied by the AGNs for two sample groups.
Thermal Conduction
Conduction is widely discussed in the literature as a uniformly distributed heat supply at the centre of cool core galaxy groups and clusters. This heating mechanism is discussed in the literature in conduction-only models (Ruszkowski & Oh 2011; Bregman & David 1988; Zakamska & Narayan 2003) or hybrid models of conduction and AGN heating (Ruszkowski & Begelman 2002; Guo, Oh & Ruszkowski 2008) to explain heating and cooling balance in the cooling flow clusters. The latter would be a good alternative for the models which adapted AGNs the only source of heating and therefore suffer from direction dependent heating. In section 4.1 and 4.2, we showed how AGNs in our sample could not completely stop the cooling. Here, we examine thermal conduction as a second source of heating to decide if its power is enough, contrary to the AGN power. We used the similar method we applied in the previous work for J1416 (Miraghaei et al. 2014) . Here, we work over ESO 3060170 that is classified as a strong cool core galaxy group (Hudson et al. 2010) .
Temperature profile of ESO 3060170 shows an obvious drop within 10 kpc radius in the centre of group where the cooling time falls below 1Gyr. Such a cool region needs 2 − 3×10 58 erg energy to reach its surrounding temperature. This energy is one order of magnitude higher than the bubble enthalpy. So the existence of cool core is not in conflict with the AGN outburst energy in this case. The surprising point is that even if this energy was smaller than AGN enthalpy we still see such temperature gap . So AGN doesn't play the main role in this matter. Note that strong cool core clusters (SCC) are hosting radio load AGNs more frequent than weak (WCC) or non cool core (NCC) clusters (Mittal et al. 2009 ) that makes this issue more puzzling. In addition to energy budget adequacy to disturb cool cores, the distribution of heating and cooling rates in IGM is also important. In this way, the question turns to how heat supply distributes over cluster medium which observed temperature profile can be described.
To investigate if conduction is efficient as a uniformly distributed heating mechanism, we deduced conduction time that is the time consumed to thermalize inside and outside of the core. For the temperature drop of ∼1 keV within 10 kpc radius with the electron density of 0.08-0.02 cm −3 , conduction time is t = 7×10 7 yr. This time is one order of magnitude smaller than the cooling time within Rcc, so conduction is suppressed 10 times by the magnetic field. The heating power conducted into the centre of galaxy group is Pcon = 9×10 42 erg s −1 . Comparing this power to the X-ray loss within 10 kpc, Lx = 8×10 41 erg s −1 , it is again confirmed that the conduction is suppressed one order of magnitude by the magnetic field. Thus observing such temperature drop proves suppression factor higher than 10 is needed.
POWERING THE CENTRAL AGN
AGN powerful outbursts are certainly supported by feeding mechanisms that are still poorly understood. Accretion of hot gas at the vicinity of the black hole, cold molecular gas accretion of the cooling flow, stellar accretion and supper massive black hole spin are the candidates for feeding central AGNs (McNamara, Rohanizadegan & Nulsen 2011) . In this section we investigate different ways of feeding to find if they are powerful enough to explain the observed AGN outbursts of ESO 3060170 and J1416.
Bondi Accretion or hot accretion (Bondi 1952) , a spherically symmetric collapse of hot gas into the black hole is proportional to the gas temperature, electron density and the black hole mass. To estimate the central black hole mass we adapted Marconi & Hunt (2003) relations for black hole mass and Ks luminosity of the galaxy. For ESO 3060170, K-band absolute magnitude of −25.98 from 2MASS-XSC results in MBH = 1.43×10 9 M , so Bondi accretion rate will be M bondi = 6.8×10
−3 M yr −1 . This rate of mass accreted to the centre of galaxy is equal to Bondi power of 3.8×10
43 erg s −1 with the assumption of 0.1 efficiency. This is more than jet power we evaluated in section 4. Thus for ESO 3060170, the Bondi accretion is sufficient to fuel the central AGN. This is not the case for J1416 (Miraghaei et al. 2014 ). Pope, Mendel & Shabala (2012) discussed accretion of hot gas into black hole from tenth of kilo parsecs away when the gas is gravitationally unstable as a result of radiative cooling. The corresponding heating rate is proportional to σ 3 , which σ is the velocity dispersion. For our objects, it is 4-5 order of magnitude higher than AGNs powers therefore its efficiency would be too low. Moreover, mass deposition rates,Ṁ cool , of isobaric cooling in the core of galaxy groups are ∼ 0.2 M yr −1 and ∼ 0.3 M yr −1 for ESO 3060170 and J1416 respectively. These rates are related to the power of ∼ 10 46 erg s −1 that is again far more than the AGNs powers. Cold molecular gas in the BCGs or the gas provided by cooling flow, accreted into the black hole also produce enough energy (e.g ∼ 10 63 erg for ESO 3060170 ) to light up AGNs. But lack of correlation between molecular gas and AGNs jet power (McNamara, Rohanizadegan & Nulsen 2011 ) make this idea uncertain. In addition to that the way that such cold clumps conducted into the super massive black holes is still not clear (Pizzolato & Soker 2012) .
Besides the accretion mechanisms, spinning black hole with a rotating parameter, a (0 < a < 1), and black hole mass of M , provides the energy (Meier 1999) :
We evaluated this energy for our objects and compared it to the total enthalpy of the radio bubbles. For both objects rotating parameter of ∼0.002 is consistent with the observed jet energy. Although a maximally rotating black hole , a = 1, provide thousands times of this energy.
A STATISTICAL COMPARISON
As mentioned before, galaxy merger as a direct heating source could provide huge amount of energy into the IGM. It has also been shown recently that a large offset between the X-ray emission and the location of the brightest cluster galaxy as a proxy for merging galaxy systems is correlated with the lack of strong cool core in the cluster (Sanderson, Edge & Smith 2009 ). This is understood to be direct consequence of mergers within the group/cluster environment. Galaxy mergers can also fuel the AGN, thus indirectly contribute to the IGM heating. To examine the latter, we compare the radio luminosity of fossil groups as non-merging systems with a general population of galaxy groups and clusters. In addition, we explore how the radio luminosity in fossil groups scales with other group properties in comparison to other group/cluster samples. To this aim, we use both bolometric and monochromatic radio luminosity together with group overall characteristics and their BGG (BCG) characteristics.
Radio luminosity in fossil and non-fossil groups
One of the goals of this study is to find out if the giant elliptical galaxies at the core of the fossil groups with large luminosity gap, are more, less or equally active in radio compared to the same in other galaxy groups. The radio luminosity vs. K-band luminosity of the BGGs at 1.4 GHz and 610 MHz is shown in Figs. 13 and 14, in which we also compare the fossil sample with a sample of galaxy groups presented by Giacintucci et al. (2011) . The control sample is the only sample of galaxy groups observed with GMRT at 610 MHz in the literature. The Ks luminosities in both the fossil and the comparison samples are extracted from the 2MASS extended source catalogue. The 1.4 GHz luminosities in comparison sample are adopted from the NVSS catalogue. The best fit (Figs. 13-22) is estimated based on the method of orthogonal regression (Fuller 1987) , for each plot. J1331 appears to be the odd one in the sample. As mentioned before, it has a bright radio emission for a relatively dim BGG at Ks band. Moreover, J1331 has inverse spectrum within the observing frequencies unlike other BGGs in this sample. We, thus, exclude this target from the fits. The BGGs in fossil groups appear to be under luminous for a given K-band luminosity, as a proxy to the stellar mass, than the BGGs in the comparison groups. Thus it appears that despite a large stellar mass reservoir, the BGGs residing in fossil groups are currently less active. We can interpret this trend as a consequence of non-merging nature of fossil systems, as this appears to be the only major distinction between our sample and the comparison sample. In that case, the lack of recent galaxy merging lowers the efficiency of the AGN fuelling which results in less powerful AGN outburst. Alternatively, one could argue (Mulchaey and Zabludiff 1999) that fossils are drawn from an atypical luminosity function and thus have unusually high stellar masses. While we can not rule out this possibility, there are evidences which weaken this argument. Fossils have shown to contribute as large as 8-20 per cent to the population of galaxy clusters with the same X-ray luminosity. However, there are no studies in the literature which points out to such an unusual galaxy luminosity function from which fossils are formed. Furthermore, cosmological simulations show that fossil can form with the aforementioned abundance (Dariush et al 2007) and thus there is no need to treat them with any special mass function.
The AGN radio power also scales with the total stellar mass budget of the group. This is presented as a correlation between the group total K-band luminosities and the AGN radio luminosity in Figs. 15 and 16 . Group members have been determined from 2MASS Redshift Survey (2MRS) group catalogue (Crook et al. 2007) . For some galaxy groups for which the data was not available in the 2MRS group catalogue, we used Helsdon et al. (2001) method to find group members in NED within half of the virial radius of galaxy groups, selecting the group members within a ±0.002 redshift slice. The total K-band luminosity of comparison groups changes remarkably while for fossil groups with a bright BGG and few dim members, there is no significant change in the K-band luminosity. Figs. 15 and 16 show that fossils fall comfortably within the distribution of the comparision sample. Radio luminosities in fossil and non-fossil groups share the same scaling with the total stellar mass of the groups while their BGGs appear to present a significant offset (Figs. 13 and 14) , as discussed above. We will return to this in section 6.2. The Spearman's rank correlation coefficient is estimated for all sample-plots in Figs. 13-16, with 0.6-0.7 for comparison sample and 0.8-0.9 for fossil groups.
In a similar attempt, Hess, Wilcots & Hartwick (2012) have found correlation between the radio power of BGGs and the luminosity gap (∆m12) within the group. Figs. 17 and 18 show the radio power vs. the luminosity gap. We find no such correlation between the radio luminosity and the luminosity gap in either of the observed frequencies. The radio luminosity of the comparison samples appears be correlated to its luminosity gap (Spearman's rank correlation coefficient of 0.6) but the trend is not followed by the fossil groups. In 610 MHz (Fig. 18) , the radio power of the fossil sample is statistically lower than the same in the comparison sample. Thus based on our observations we find no correlation between the radio power and the luminosity gap contrary to Hess, Wilcots & Hartwick (2012) . This means that the luminosity gap is not the only distinctive parameter in fossil-non fossil sample that decide for the correlation. Other differences e.g. X-ray relaxed nature of fossils may play role in this trend. Giacintucci et al. (2011) selected elliptical dominated groups, possess structures in X-ray brightness and temperature distribution or radio morphology, contrary to the fossil groups that they have relaxed and undisturbed X-ray emission.
Radio luminosity and fossil galaxy groups characteristics
Detection of the radio lobes in two fossil groups in our sample could either be the result of AGN duty cycle or it may have an origin in the group or host galaxy properties. These two groups are the most X-ray luminous objects in the sample with largest cooling radius and highest outskirt temperature. Their BGGs are brighter in r-band than the other fossil groups BGGs thus the probability that their BGGs host a radio loud AGN is also higher (Best et al. 2007) . Their bolometric radio luminosities are between 10 MHz to 15 GHz calculated using the spectral index listed in table 4, are also the highest. Birzan et al. (2004) shows that more powerful jets reside in more radio and X-ray luminous galaxies. Jet power is also tightly correlated to the total radio luminosity if one can eliminate the effect of break frequency (Birzan et al. 2008) . Accordingly, the radio bolometric luminosity is a measure for AGN power and using this, we can investigate how large scale characteristics or central galaxy properties control feedback mechanism in clusters and groups. Mittal et al. (2009) shows, for HIFLUGCS sample of galaxy clusters, there is a correlation between virial mass, M500, or classical mass deposition rate,Ṁ , and the total radio luminosity in strong and weak cool core clusters as well as weak correlation between black hole mass or X-ray luminosity and total radio luminosity in strong cool core clusters. In this section, we adapted HIFLUGCS as a control sample to compare with the fossil groups scaling relations. Figs. 19-22 show the results. The total mass of the cluster, X-ray luminosity and the mass deposition rate are properties of the cluster and the IGM, while the black hole mass is a galaxy property.
Fossil galaxy groups are archetypal virialized and relaxed systems as they have a smooth and undisturbed X-ray emission map with their BGGs located at the position of the X-ray peak of the group. Such an unperturbed IGM is fertile to the formation a cool core. Strong cool cores are not detected in galaxy clusters with turbulent, unrelaxed, dynamically active and merging environments such as in Coma cluster (Simionescu et al. (2013) and references therein). Sanderson et al (2009) have also shown that the offset between the BCGs and the X-ray centroid connected to the presence of cool cores, such that the groups with a large offset between the X-ray centroid and the BGG location lack cool cores. Moreover Khosroshahi, Ponman & Jones (2007) showed that fossil groups have lower gas entropy than non-fossil groups specially for the low- mass fossils. This is consistent with the lower entropy observed at the SCC clusters against WCC and NCC (Hudson et al. 2010) . Thus, one expects that fossils, given their relaxed nature, coincide with cool core clusters. Figs. 19, 21 and 22 show that at least the distribution of the fossil groups is consistent with this argument. The large uncertainty in the radio luminosity of fossil groups sample prevents us from drawing a firm conclusion.
Fossil galaxy groups harbour bright BCGs in optical and infrared wavelengths. Thus for a total optical luminosity of galaxy groups, and given the presence of a large luminosity gap, the share of the brightest group galaxies in the total optical luminosity is larger in fossil groups than in a non-fossil group, statistically. This is clearly seen in Figs. 13, 14 and to some extend in Fig. 20 . In contrast when the total optical luminosity of the group is taken into account, there is no distinction between fossil groups and non-fossil groups and the 1.4 GHz and 610 MHz radio luminosity of the BGG scales with the total stellar luminosity of the groups (Fig. 15 and Fig. 16 ). As mentioned in section 6.1, this behaviour might have an origin in special formation scenario for fossils or might simply indicate that the radio luminosity is more correlated with group and clusters properties than their BCGs.
We note that while generally the bolometric radio luminosities does not correlate to the clusters parameters, the concise classification of the sample into SCC, WCC and NCC according to the core cooling time shows that other parameter, in this case the cooling time, play a role. A lack of correlation between radio luminosity and cluster mass (Stott et al. 2012) , optical luminosity of BCGs (Stott et al. 2012) and AGNs (Wadadekar 2004 ) are also reported.
SUMMERY AND CONCLUSIONS
Fossil galaxy groups are archetypal virilised galaxy systems with smooth and undisturbed X-ray morphology, indicating the absence of a recent group scale merger, and a giant elliptical galaxy dominating optical luminosity of the group, that the brightest group galaxy has not experienced a recent galaxy major merger. They are thus ideal laboratories for studying IGM heating and cooling. We study a sample of 5 fossil galaxy groups at 610 MHz and 1.4 GHz using their GMRT observations. In two cases, ESO 3060170 and RX J1416.4+2315, radio lobes, as signs of recent AGN activities, are detected. We estimate heating rates via AGN mechanical, shock and vortex heating.
1-The mechanical power of AGNs are estimated by calculating the PdV on the IGM via radio lobes expansion and movement. We deduced a range of mechanical power corresponding to an overpressure factors of 2 and 10. The Heating power is not sufficient to keep IGM from cooling within Rc, in which the cooling time falls below the Hubble time, however, it is quit sufficient to account for the X-ray loss in the cool core radius, Rcc, where the temperature starts to fall towards the centre of the group. Radio bubbles in our sample migrate from the centre of the galaxy, up to the cool core radius, Rcc, thus powerful enough to stop their surrounding gas from cooling. Thus other sources of heating are necessary, specially in larger distances from the centre.
2-The AGN shock power in ESO 3060170 is ∼1×10 42 erg s −1 enough to heat the IGM within Rcc but still much less than the X-ray loss within the cooling radius.
3-Vortex heating is the least efficient as its heating power is an order of magnitude smaller than the amonut needed to quench cooling in the core even within the cool core radius, Rcc.
One could argue that the low efficiency of the AGN heating in our fossil sample galaxies could fundamentally be a consequence of lack of recent galaxy mergers with the giant elliptical galaxy in these systems. In this argument, galaxy merger is viewed as an AGN fuelling mechanism which results in a more powerful cycles of AGN outburst. To probe this, we compared our sample with a sample of galaxy groups and clusters from Birzan et al. (2004) . The results show mechanical powers in fossil and non-fossil objects do not differ significantly (Fig. 11) . Nevertheless, drawing any firm conclusion requires a statistically larger sample of fossil galaxy groups. Heat conduction and turbulent gas motions, induced by merger, AGN outburst or motions of galaxies (Ruszkowski & Oh 2010) are among the candidates that can heat up IGM on their own and/or in combinations with AGNs mechanical heating. Unlike the AGN heating, these sources of energy can distribute the heat supply symmetrically. Our estimation of the heating through conduction at the centre of fossil galaxy group ESO 3060170 shows that, neglecting magnetic field, this source of energy is ten times more powerful to heat up cool core but poorly understood magnetic field still leaves the challenge unsolved.
We studied feeding mechanisms of super massive black hole. For ESO 3060170, the Bondi power is larger than AGN power. Spin powered feedback is also possible since a rotating black hole with spin parameter a = 0.002 can send out jets as energetic as the one observed in ESO 3060170 and RX J1416.4+2315. The 1.4 GHz and the 610 MHz luminosity of fossil sample were compared with a non-fossil group sample , for a given total stellar mass of the group and also for a given stellar mass of the brightest group galaxy. The results demonstrate that the fossil brightest group galaxies are under luminous in radio luminosity, for a given K-band luminosity of the dominant galaxy. However, when the total stellar mass of the group is taken into account, fossil and non-fossil samples are inseparable in the L radio -L k,group plane. About 40±28 per cent of fossils and 44± 16 per cent of Giacintucci et al. (2011) groups are radio loud (L radio > 10 23 W Hz −1 ). We also compared total radio luminosity of fossil galaxy groups with the same from HIFLUGCS for a given black hole mass, classical mass deposition rate, X-ray bolometric luminosity and the group halo mass (M500). While there is a large statistical uncertainties given the size of the sample, it appears that the distribution of fossil galaxy groups, which we except to be ideal environments for the formation of the cool cores, is not inconsistent with the distribution of the strong cool core clusters in various scaling relations based on the above properties of clusters.
Our results suggest that group property has direct impact on the radio outburst of the AGN and thus the radio luminosity of a giant elliptical galaxy is environment dependent. We already know that a higher fraction of radio loud AGNs are observed in galaxy clusters and groups rather than in the field galaxies (Best et al. 2007; Lin & Mohr 2012; Stott et al. 2012) , however, the field galaxies are normally not very massive or optically luminous. In this contribution we show that fossil dominant galaxies, despite their high luminosity, are relatively less radio active. In Figs. 13 and 14 we show that fossil dominant galaxies are strikingly under luminous in radio. Figs. 19 through 22 take this to a next level arguably showing that the core of the fossil groups is subject to a strong cooling at the same time their central AGN is less radio active than one could have expected from their stellar masses.
There are evidences that the brightest group galaxies have non-boxy isophotes Smith et al. 2010) , which is consistent with the picture in which these giant elliptical galaxies are formed via multiple gas rich mergers early in their formation history. In other words, they are not a dry merger product. This has been challenged by a more recent study (La Barbera et al. 2012 ) which find mostly boxy isophotes for a sample of fossil BGGs. The study of Smith et al. (2010) is based on Hubble Space Telescope observations and is the largest sample to date which suggests a connection between the luminosity gap and the nature of the isophotal shape of the BGGs. The sample studied here largely overlaps with the sample of which finds the majority of the sample BGGs to have non-boxy isophotes and as shown in this study they are relatively dimmer in the radio emission. While the shape of the isophotes can be used to argue for the lack of recent dry majors, minor mergers can continue to occur since the epoch of the major merger. If so, it appears that they do not contribute significantly to the feeding of the central black hole, as compared to the BGGs in general population of the groups.
